Efficient degradation of damaged D1 during the repair of PSII is carried out by a set of dedicated FtsH proteases in the thylakoid membrane. Here we investigated whether the evolution of FtsH could hold clues to the origin of oxygenic photosynthesis. A phylogenetic analysis of over 6000 FtsH protease sequences revealed that there are three major groups of FtsH proteases originating from gene duplication events in the last common ancestor of bacteria, and that the FtsH proteases involved in PSII repair form a distinct clade branching out before the divergence of FtsH proteases found in all groups of anoxygenic phototrophic bacteria. Furthermore, we showed that the phylogenetic tree of FtsH proteases in phototrophic bacteria is similar to that for Type I and Type II reaction centre proteins. We conclude that the phylogeny of FtsH proteases is consistent with an early origin of photosynthetic water oxidation chemistry.
Introduction
Oxygenic photosynthetic electron transport from water to NADP + requires the participation of two functionally distinct reactions centers (RCs) acting in series: photosystem II (PSII, a Type II RC containing quinone electron acceptors) and photosystem I (PSI, a Type I RC containing redox-active iron-sulphur clusters). Early ideas on the emergence of oxygenic photosynthesis focused on the evolution of PSI and PSII from pre-existing RC found in anoxygenic photosynthetic bacteria (Nitschke and Rutherford 1991) and the horizontal transfer of genes encoding chlorophyll biosynthetic enzymes and RC proteins (Hohmann-Marriott and Blankenship 2011, Fischer et al. 2016) . Because existing anoxygenic photosynthetic bacteria contain just one type of RC, such 'gene acquisition' hypotheses require at least two bacterial ancestors: one providing a Type II RC and another a Type I RC.
In contrast, more recent phylogenetic analyses have led to the suggestion that the evolution of Type I and Type II RCs might have occurred in a single organism after a gene duplication event (Mulkidjanian et al. 2006 , Sousa et al. 2013 , Harel et al. 2015 and, possibly, that Type I and Type II RCs might have then been transferred at various stages of evolution to other types of nonphotosynthetic bacteria through horizontal gene transfer (HGT) (Mulkidjanian et al. 2006) . Given the fact that the geochemical record of photosynthesis dates back to 3.5 to 3.8 billion years ago, such 'gene duplication' hypotheses raise the possibility that oxygenic photosynthesis might have evolved much earlier than previously thought, perhaps hundreds of millions of years before the Great Oxidation Event (Lyons et al. 2014) .
A hallmark of oxygenic photosynthesis is the presence of photoprotective mechanisms to prevent or repair lightinduced damage to PSII (Takahashi and Badger 2011) . Given the known importance of thylakoid-embedded FtsH proteases for PSII repair in cyanobacteria (Silva et al. 2003 , Komenda et al. 2006 and chloroplasts (Bailey et al. 2002 , Zaltsman et al. 2005 , Kato and Sakamoto 2009 , we hypothesised that analysis of the evolution of FtsH could provide relevant information regarding the origin of oxygenic photosynthesis. Early phylogenetic attempts (Sakamoto et al. 2003 , Yu et al. 2004 , Yu 2005 ) using a limited sequence dataset suggested that the FtsH subunits required for PSII repair exist in two main forms, denoted Type A and Type B (Zaltsman et al. 2005) . However, the evolutionary relationship between these FtsH subunits and the others found in nature remains poorly understood.
---Here we show that the FtsH subunits involved in PSII repair diverge early and seem to have branched out before those present in anoxygenic photosynthetic bacteria. Our results therefore support an early origin for oxygenic photosynthesis consistent with the 'gene duplication' hypothesis.
Materials and methods

Construction of FtsH sequence datasets:
Protein sequences (6427) containing the M41 peptidase domain were retrieved from the Pfam 30.0 database (Finn et al. 2016) under the entry PF01434 on 14 October 2016. Sequences lacking the AAA+ domain, under entry PF00004, were removed using the HMMER tool (Eddy 2011) , yielding in total 6082 sequences belonging to 73 bacterial phyla and candidate phyla and 378 eukaryote species. It is noteworthy that the Pfam database is based on the manually and algorithmically curated UniProt Reference Proteomes database (www.uniprot.org/ proteomes/), in which annotation errors, although rare, do exist. In addition the Pfam database as well as the HMMER method is not sensitive to convergent evolution at the molecular level (Zakon 2002 , Mistry et al. 2013 , therefore compositional bias cannot be excluded. Other than the above limitations, this dataset covered over 3,100 genome-sequenced species spanning the domains Bacteria and Eukarya. Overall, this dataset was considered as a comprehensive representation of FtsH homologs in the context of the tree of life. The number of FtsH genes per genome was counted using a homemade python script depending on Matplotlib 2.0.1. The number of FtsH in Chlorobi and Chloroflexi was updated on 29 April 2017 by interrogating the UniProt database. For the comprehensive dataset of cyanobacterial FtsH, a copy of 103 cyanobacteria reference proteomes was interrogated and downloaded from the UniProt Proteomes database on 10 October 2016. In total 417 sequences were retrieved for cyanobacteria by searching for the AAA+ and M41 protease domains. Furthermore, 210 Archaea reference proteomes were retrieved and screened by the same method.
Sequence alignment and phylogenetic analysis:
Sequences of the 6082 FtsH dataset were aligned using the MAFFT version 7 programme with the "L-INS-I" setting applied (Yamada et al. 2016) . Gaps within the alignment were then removed by the TrimAl (Capella-Gutiérrez et al.
2009
) tool using the "gappyout" strategy; 570 characters were retained after the trimming process. Sequences of the 417 cyanobacterial FtsH dataset were similarly processed and 611 characters were retained in the final alignment. Phylogeny inference of the 6082 sequences dataset was carried out using the CIPRES Science Gateway supercomputer server (https://www.phylo.org/). FastTree programme, an approximate maximum likelihood method, was adopted using default setting for the inference. The FastTree method computes the local support values with the Shimodaira-Hasegawa test (Shimodaira and Hasegawa 1999) . The phylogenetic positions of AtFtsHi3 and AtFtsHi4 were examined separately using the same methodology. Phylogeny of the 417 cyanobacterial FtsH dataset was inferred through the ETE3 toolkit using the PhyML method (Guindon et al. 2010 , Yamada et al. 2016 ; the applied amino acid substitution model was JTT/GTR (Jones-Taylor-Thornton/Generalised Time Reversible) and branch support adopted aLRT (approximate likelihood ratio test). The resulting unrooted trees were organised and beautified with iTOL (Letunic and Bork 2016) . In addition, 312 sequences from phototrophic bacteria and from the Candidate Phyla Radiation (CPR) were aligned, trimmed and submitted to PhyML 3.0 (Guindon et al. 2010) for phylogenetic inference.
Structural conservation analysis:
FtsH sequences (270) were manually selected from the UniProt database covering 55 bacterial phyla or candidate phyla based on a recently inferred tree of life (Hug et al. 2016) . Similar to the cyanobacterial FtsH dataset, this dataset was aligned, trimmed and inferred through the ETE3 toolkit using MAFFT, TrimAl and PhyML. The resulting phylogenetic tree was submitted to ConSurf server for the structural conservation analysis. The ADP-bound Thermus thermophilus FtsH (G399L mutant; PDB code 2DHR) and the apo-state of Thermotoga maritima FtsH (K207A, K410L and K415A triple mutant; PDB code 3KDS) were used as structural models for the Consurf analysis
Results
Early diversification of FtsH proteases: Members of the membrane-embedded FtsH protease family play a role in the degradation of both soluble and membrane proteins and have been studied in bacteria, chloroplasts and mitochondria (Smakowska et al. 2014 , Nishimura et al. 2016 , Bittner et al. 2017 . Structural analyses have shown that FtsH forms hexameric complexes composed of either one or two types of FtsH protomer (Nishimura et al. 2016) .
The archetypal FtsH subunit contains an N-terminal membrane-spanning domain, consisting of one or two transmembrane regions, attached to a soluble fragment consisting of an AAA+ (ATPase associated with diverse activities) module and a highly characteristic C-terminal M41 protease domain containing a bound zinc ion (Tomoyasu et al. 1993 , Leonhard et al. 1996 .
We constructed a comprehensive dataset comprising (Fig. 1A) . Other prokaryote groups also contained multiples copies of FtsH, but in most cases not greater than 3. In the case of eukaryotes, photosynthetic organisms display the highest multiplicity, with more than 8 FtsH subunits per genome, while fungi and animals contained on average about 2 and 4 FtsH copies, respectively (Fig. 1A) . As illustrated in Fig. 1B , a phylogenetic analysis of the FtsH sequences (see Materials and methods) resolved three potential orthologous groups denoted here as Group 1, Group 2, and Group 3. Each group reproduced a branch topology that was consistent with previous phylogenetic and phylogenomic studies on the diversification of bacteria (Ciccarelli et al. 2006 , Jun et al. 2010 , Segata et al. 2013 and broadly in line with the Hydrobacteria-type (e.g. Proteobacteraia, Acidobacteria, Chlorobi, etc.) and Terrabacteria-type divisions (e.g. Actinobacteria, Chloroflexi, Firmicutes, etc.) proposed by Battistuzzi and coworkers Hedges 2009, Marin et al. 2017) . These data suggest that FtsH proteases were likely to be present in the last common ancestor of the domain Bacteria and that the three groups may have originated from ancestral gene duplication events early during the evolution of bacteria. Group 1 FtsH showed the greatest diversity and was almost universally found across bacteria, with strains containing a single FtsH protease most likely to have retained a Group 1 FtsH.
Notably, within Group 1, we detected an early diverging, clearly resolved branch (Shimodaira-Hasegawa-like local support 0.983, see Materials and methods) containing FtsH sequences exclusively found in cyanobacteria and in photosynthetic eukaryotes. These included SynFtsH2/3 from Synechocystis 6803 and AtFtsH1/2/5/8 from A. thaliana, all known to be involved in PSII repair (Komenda et al. 2012 , Nishimura et al. 2016 . The origin of this group seems to predate the radiation of FtsH orthologs from other bacteria phyla, including those of anoxygenic phototrophic bacteria within the same group (Fig. 2) , for instance Chlorobium tepidum (Chlorobi), Chloracidobacterium thermophilum (Acidobacteria) and Heliobacterium modesticaldum (Firmicutes) containing Type I RCs and Rhodobacter sphaeroides (Proteobacteria) and Chloroflexus aurantiacus (Chloroflexi) containing Type II RCs. This early divergence was not found for the other FtsH proteases of cyanobacteria and photosynthetic eukaryotes not required for PSII repair, such as AtFtsH7/9 and SynFtsH4 located in Group 2.
Most eukaryotic FtsH sequences were located in Group 2 and Group 3, with the exception of photosynthetic eukaryotes, which additionally contained Group 1 FtsH acquired from the primary cyanobacterial endosymbiont. Fig. 2 shows a Maximum Likelihood phylogenetic tree calculated using the FtsH proteases of known phototrophic bacteria. On the left, the FtsH involved in PSII repair make a monophyletic group. The genome of Heliobacterium modesticaldum, encoding a single FtsH, branched basally among other Group 1 FtsH proteases of anoxygenic phototrophic bacteria. Proteobacteria, Acidobacteria, and Chlorobi had both Group 1 and Group 2 FtsH proteases. In both Group 1 and Group 2 the sequence from the phototrophic acidobacterium, Chloracidobacterium thermophilum branched out as a sister group to the Proteobacteria, and the Chlorobi sequences branched prior to the Acidobacteria and Proteobacteria split. This pattern is also observed in Fig. 1 which also contained non-phototrophic representatives of the same phyla and it is consistent with previous phylogenetic (Quaiser et al. 2003 , Bryant et al. 2012 , Sousa et al. 2013 , Greening et al. 2015 , Cardona 2016a ) and phylogenomic (Ciccarelli 2006 , Dutilh et al. 2008 , Wu and Eisen 2008 , Ward et al. 2009 , Jun et al. 2010 , David and Alm 2011 , Rinke et al. 2013 , Segata et al. 2013 , Marin et al. 2017 ) studies that have repeatedly confirmed the Acidobacteria as a sister clade of the Proteobacteria, or branching within the Proteobacteria as a sister clade of the deltaproteobacteria. At the same time, the nearness of the Chlorobi to Acidobacteria and Proteobacteira is also consistent with the ChlorobiBacteroidetes-Fibrobacterere supergroup bifurcating prior to the radiation of the Proteobacteria (Wu and Eisen 2008 , Jun et al. 2010 , David and Alm 2011 , Segata et al. 2013 , Marin et al. 2017 . Similarly, the phylogenetic proximity of the Gemmatimonadetes to the Chlorobi has also been demonstrated (Segata et al. 2013 , Zeng et al. 2014 , which is consistent with this group obtaining Type II reaction centres via horizontal gene transfer from the Proteobacteria (Zeng et al. 2014) .
When the phylogeny of FtsH from phototrophic bacteria was compared to the phylogeny of Type I and Type II RC proteins (Beanland 1990 , Bryant et al. 2007 (Fig. 2) , we observed that the trees for the RC proteins follow an identical topology to that of the FtsH sequences. For example, cyanobacterial D1 and D2 subunits branch out before the divergence of L and M subunits of the anoxygenic Type II RCs of the Chloroflexi and Proteobacteria. Similarly, FtsH proteases involved in PSII repair (SynFtsH2/3) branch out before the divergence of Group 1 FtsH in Chloroflexi and Proteobacteria. Cyanobacterial PsaA and PsaB, the core subunits of PSI, also branch out before the divergence of PshA and PscA of anoxygenic homodimeric Type I RC proteins of Heliobacteria, Acidobacteria, and Chlorobi (Cardona 2015 (Cardona , 2016b , with heliobacterial PshA branching out before PscA. This is also mirrored in the tree of Group 1 FtsH proteases of phototrophs, with FtsH sequences involved in PSII repair branching out before those present in anoxygenic phototrophs containing Type I RCs. In Group 1 FtsH the heliobacterial sequence also diverged before the split of Acidobacteria and Chlorobi.
The significance of this is that, with the notable exception of the Gemmatimonadetes phototrophic bacteria, which seem to have acquired Type II RCs by HGT from Gammaproteobacteria, the dominant mode of evolution of FtsH proteases and RC proteins has been by vertical descent, with horizontal gene transfer being a secondary diversification force. It also suggests that the origin of oxygenic photosynthesis before the last common ancestor of cyanobacteria may have had a direct impact on the evolution of FtsH. Thus, the ancestral oxygenic Type II RC proteins might have co-evolved with ancestral Group 1 FtsH proteases from the origin of oxygenic photosynthesis and through the evolution of cyanobacteria and the diversification of photosynthetic eukaryotes. Our result is also in agreement with a birth-and-death model of protein evolution in which new proteins evolve by repeated gene duplication events, with some of the duplicated genes maintained in the genome for long periods of time while others are eventually lost (Nei et al. 1997, Nei and Rooney 2005) .
A peculiar case of horizontal gene transfer was noted for the FtsH within the phylum Bacteroidetes (Fig. 1) . In this phylum, the dominant FtsH clustered within Group 2 FtsH proteases from early branching eukaryotes. This may indicate that it was gained from an early symbiotic association between ancestral population of eukaryotes and an ancestral strain of Bacteroidetes.
We also attempted to retrieve FtsH protease sequences from the Archaea. This was done by searching for FtsH homologs in 210 Archaea reference proteomes. We found a single FtsH sequence with accession number A0A0M0BK70 which was labelled "miscellaneous Crenarchaeota group archaeon SMTZ-80". However, this FtsH has high similarity with an FtsH protease (H1XNZ9) from the bacterium Caldithrix abyssi DSM 13497 and therefore it is another likely case of HGT from bacteria to archaea.
Classification of cyanobacterial FtsH paralogs:
Previous experimental data have shown that in Synechocystis 6803 degradation of D1 during PSII repair is mainly carried out by a thylakoid-embedded FtsH heterocomplex composed of FtsH2 and FtsH3 (Silva et al. 2003 , Komenda et al. 2006 Cheregi et al. 2007 , Boehm et al. 2012 . However, the FtsH2/3 complex is not restricted to PSII repair and participates in the removal of unassembled membrane proteins (Komenda et al. 2006) as well as soluble proteins (Stirnberg et al. 2007 ). Also present in Synechocystis 6803 are FtsH1/FtsH3 heterocomplexes located in the cytoplasmic membrane (Krynická et al. 2014) and FtsH4 homo-complexes in the thylakoid and possibly cytoplasmic membrane (Boehm et al. 2012 , Sacharz et al. 2015 . Both FtsH1 and FtsH3 are crucial for cell viability whereas FtsH2 and FtsH4 are dispensable (Mann et al. 2000) , although growth of mutants lacking FtsH2 is extremely light-sensitive (Silva et al. 2003 ). In the case of A. thaliana, at least one type A and one type B FtsH subunit are needed for growth (Zaltsman et al. 2005) .
To assess the diversity of FtsH in cyanobacteria, we performed a phylogenetic analysis of all FtsH proteins found in 103 sequenced strains of cyanobacteria. Four distinctive groups were clearly resolved, which we designate cyanoFtsH1/2/3/4 based on the nomenclature used for Synechocystis 6803 (Fig. 3) . Fig. 3 shows that the last common ancestor of extant cyanobacteria had three FtsH paralogs: one ancestral to cyanoFtsH1 and cyanoFtsH2; a second one which was ancestral to cyanoFtsH3; and a third one which was ancestral to cyanoFtsH4. Fig. 3 also reveals that the duplication event that gave rise to cyanoFtsH1 and cyanoFtsH2 occurred after the divergence of the genus Gloeobacter, which lacks thylakoid membranes and contains the photosynthetic apparatus in the cytoplasmic membrane (Rexroth et al. 2011) . This would suggest that the emergence of cyanoFtsH2, and the FtsH2/H3 complex involved in PSII repair, is linked to the development of the thylakoid membrane system.
Each of the four groups is consistent with the known diversification of cyanobacteria, featuring the early branch of Gleobacter (arrow) and long branches for the relatively more rapidly evolving clades of the marine Synechococcus and Prochlorococcus (open triangle) (Dvořák et al. 2011 , Bombar et al. 2014 , Komárek et al. 2014 ). The substitution rates (branch lengths) of different groups are noticeably different, with cyanoFtsH3 displaying the slowest rate and cyanoFtsH4 the highest, suggesting different evolutionary pressures upon them.
Species or strains missing one or more of the four types of FtsH are listed in Table 1 ; however, some assignments remain tentative until the genomes are fully sequenced. Overall, the majority (>99%) of cyanobacteria have a set of cyanoFtsH1/2/3 indicating the important role of these three types. The only species lacking cyanoFtsH3 is Crocosphaera watsonii WH 8501; however, we found in this organism a sequence (UniProt accession number: Q4BUC6) orthologous to cyanoFtsH3, but lacking the M41 peptidase. An unusual species is the recently described and sequenced Neosynechococcus sphagnicola (Dvořák et al. 2014) , which apparently only contains cyanoFtsH3. Although it was isolated from an unusual environment, a peat bog (Dvořák et al. 2011) , other peat bog cyanobacteria such as Synechococcus sp. PCC 7502, Pseudanabaena sp. PCC 7429, and Gloeocapsa sp. PCC 73106 (Dvořák et al. 2014) all possess the expected complement of four FtsH paralogs. In addition, Synechococcus sp. JA-2-3B'a(2-13), isolated from hot spring microbial mat (Bhaya et al. 2007 ) was found to lack cyanoFtsH2. Among those strains lacking the full complement of four FtsH paralogs, the most common version that was lost was cyanoFtsH4. This is in line with previous mutagenesis studies in Synechocystis 6803 that have shown that a knock-out of SynFtsH4 did not result in any noticeable phenotypic difference (Mann et al. 2000) , suggesting that the role of cyanoFtsH4 may be compensated for by other paralogs and proteases. A noticeable feature of some of the species lacking cyanoFtsH4 is the reduced complexity of metabolism and reduced genome size due to symbiotic interactions, such as in the cases of Athelocyanobacterium thalassa (Zehr et al. 2008) and Richelia intracellularis (Hilton et al. 2013) .
Three FtsH sequences found in cyanobacterial genomes showed very long branches (Fig. 3) . Sequence A0A0C1UH20, retrieved from the genome of the heterocystous cyanobacterium Hassalia byssoidea, probably represents a case of HGT from an uncharacterized bacterium. Its closest relatives in the entire NCBI RefSeq database are found in strains of the phylum Bacteroidetes; however, the level of sequence identity was only 77%.
Sequences U5QM63 and Q7NH88, found in the genomes of Gloeobacter kilaueensis and Gloeobacter violaceus, respectively, also did not give a best hit with any other cyanobacterial sequence. A BLAST search showed only a relatively low sequence identity of about 45% with sequences from Proteobacteria and Firmicutes. These are therefore unique FtsH sequences with no particular phylogenetic affiliation. Either they are descended from ancestral cyanobacterial FtsH paralogs now lost in all other strains of cyanobacteria, or represent a very ancient event of HGT to the last common ancestor of G. kilaueensis and G. violaceous from a distantly related bacterium of an uncharacterized phyla of bacteria. Given the universality and relative high degree of conservation of FtsH across bacteria, plus the fact that the early branching genus Gloeobacter is not a particularly fast evolving clade of cyanobacteria, it seems unlikely that the divergent position of U5QM63 and Q7NH88 is due to unusually high rates of evolution in comparison to other cyanobacterial FtsH sequences.
Multiplicity of FtsH in photosynthetic eukaryotes:
The last common ancestor of all eukaryotes likely inherited two bacterial FtsH paralogs, one from Group 2 and one from Group 3 (Fig. 1B) . Photosynthetic eukaryotes retain in addition at least 3 FtsH paralogs from the cyanobacterial primary endosymbiont: one of these possibly branching prior to the divergence of cyanoFtsH1/2 or at a point in time when these two had not had enough time to diverge; a second one homologous to cyanoFtsH3; and a third one homologous to cyanoFtsH4. This pattern is consistent with recent phylogenetic evidence suggesting an early branching cyanobacterium as the primary endosymbiont (Ponce-Toledo et al. 2017). Furthermore, photosynthetic eukaryotes seem to have independently acquired another FtsH paralog from a third bacterial donor, closely related to the phylum Firmicutes. This is not surprising as previous studies have shown that early evolving eukaryotes acquired genes from a broad range of bacterial origins beyond that of the mitochondria (Pittis and Gabaldón 2016) and plastid ancestors (Dagan et al. 2013) .
Among all clades in the tree of life, photosynthetic eukaryotes have the largest multiplicity of FtsH subunits (Fig. 1A) , suggesting that after the establishment of the mitochondrion and chloroplast the ancestral FtsH genes underwent several additional duplication events. In the case of A. thaliana there are 12 nucleus-encoded FtsH homologs: three (AtFtsH3/4/10) targeted to the mitochondrion, eight (AtFtsH1/2/5/6/7/8/9/12) to the chloroplast, and one (AtFtsH11) possibly targeted to both the chloroplast and mitochondrion (Sakamoto et al. 2003 , Heazlewood et al. 2004 , Urantowka et al. 2005 , Lu et al. 2014 . A. thaliana also contains four FtsH homologues (AtFtsHi1/2/4/5) containing a disrupted zinc-ion binding site and hence most likely protease inactive. Fig. 1B shows that mitochondrial AtFtsH3/10 subunits of A. thaliana, found in Group 2, share a common origin with the mitochondrial YeYta12/YeAfg3(Yta10) subunits of S. cerevisiae which form a heterocomplex (Arlt et al. 1996) ; however, YeYta12 and YeAfg3 resulted from a distinct gene duplication event to the one that gave rise to the divergence of AtFtsH3 and AtFtsH10 which might explain why the A. thaliana homologues can form homocomplexes not just heterocomplexes (Piechota et al. 2010) . Mitochondrial AtFtsH4 found in Group 3, is closely related to the third mitochondrial FtsH homologue of S. cerevisiae termed YeYme1, which forms a homocomplex (Baker et al. 2011) .
Interestingly, AtFtsH11, which is targeted to the chloroplast and possibly the mitochondrion (Urantowka et al. 2005) , is also closely related to YeYme1. Thus, from a phylogenetic perspective it would seem that AtFtsH11 was of mitochondrial origin and was later co-opted to support chloroplast function.
Experimental evidence has shown that AtFtsH1/2/5/ 7/8/9 are all targeted to the chloroplast (Sakamoto et al. 2003) consistent with their cyanobacterial origins. AtFtsH1/5 appear to have originated from cyanoFtsH3, and AtFtsH2/6/8 from an ancestral cyanoFtsH1/2. These data are in line with experimental data showing a common role for SynFtsH2/3 and AtFtsH1/2/5/8 in PSII repair (Bailey et al. 2002 , Zaltsman et al. 2005 , Komenda et al. 2006 , Boehm et al. 2012 , Nishimura et al. 2016 . Currently there is no evidence linking the AtFtsH6 subunit to PSII repair. Instead AtFtsH6 was recently reported to be involved in regulating acquired thermotolerance, or "thermomemory", by degrading the plastidial heat shock protein HSP21 (Sedaghatmehr et al. 2016) . A previously suggested crucial role for AtFtsH6 in degrading LHCII, the light-harvesting complex of PSII (Zelisko et al. 2005) , now seems less likely (Wagner et al. 2011) .
AtFtsH7/9 found in the chloroplast envelope (Sakamoto et al. 2003 , Wagner et al. 2012 are most closely related to cyanoFtsH4 whose function remains unclear. The FtsH-inactive subunit, AtFtsHi3, which only possesses the AAA+ domain, is phylogenetically close to AtFtsH7/9 and may have evolved through loss of the protease domain.
AtFtsH12 has no evolutionary counterpart in cyanobacteria, but instead shows clear proximity to Group 3 FtsH subunits found in the phylum Firmicutes. Found in the same clade as FtsH12 are the inactive FtsH proteases AtFtsHi1, AtFtsHi2, AtFtsHi4 and AtFtsHi5, which are involved in plastid differentiation during embryogenesis (Kadirjan-Kalbach et al. 2012 , Lu et al. 2014 and, like AtFtsH12, are located in the chloroplast envelope (Ferro et al. 2010 , Lu et al. 2014 . Whether AtFtsHi1/2/4/5 subunits are found in the same FtsH complex as AtFtsH12 awaits confirmation.
Both the red alga Cyanidioschyzon merolae and the green alga Chlamydomonas reinhardtii lack counterparts of AtFtsHi1/i2/i5/12 but do contain 5 FtsH homologues. Two are found in the PSII-specific clades containing AtFtsH1/5 and AtFtsH2/8/6, respectively; one corresponds to AtFtsH3/10; and one to AtFtsH4/11. Notably, Chlamydomonas reinhardtii has a counterpart of AtFtsH7/9, or SynFtsH4, while Cyanidioschyzon merolae lacks this and instead possesses an additional counterpart to AtFtsH3/10. These observations would suggest that the diversification of FtsH seen in some land plants postdates the divergence of higher plants and algae.
Structural conservation of FtsH proteases:
A ConSurf analysis was performed to assess the structural conservation of the cytosolic region of all types of bacterial FtsH using 270 sequences randomly selected from species covering 55 bacterial phyla or candidate phyla (Table 1S , supplement available online). In this analysis regions of strong structural conservation were identified by inserting trimmed FtsH sequences into the crystal structure of the soluble FtsH fragment of T. thermophilus (Suno et al. 2006) . As shown in Fig. 4 , the AAA+ domain of bacterial FtsH was well-conserved (purple) with only a small highly divergent area (green) on the surfaces towards the membrane or exposed to the cytoplasm. The surface that interacts with the adjacent AAA+ domain was strictly conserved, which suggests that a ring-shape structure and even the formation of a hexameric complex are universal features of all bacterial FtsH. The protease domain, however, was more divergent with the exception of the strictly conserved protease tunnel containing the "HEXXH" motif involved in binding Zn
2+
. Although sequence differences in the protease domain could reflect relaxation of structural constraints, it might also indicate species-specific interactions such as between FtsH complexes and prohibitins in mitochondria (Steglich et al. 1999) and cyanobacteria (Boehm et al. 2012 ) and with The two yellow-coloured monomers highlight the three-fold-symmetric structure. Dashed circle highlighted the protease activity site "HEXXH". Y axis is information content in bits of amino acid composition at the position indicated in the X axis; the size of a character, single-letter code of amino acid, represents how conserved that amino acid is at that position, the larger the letter the more conserved it is. Colour scheme: green, neutral residues; black, hydrophobic residues; and blue, hydrophilic residues. The amino acid numbering is the same as in the crystal structure from T. thermophilus (PDB ID: 2DHR). The four sites of difference between cyanoFtsH are indicated with arrows or brackets. B: Position 1 is shown in orange to highlight its relative position to the pore phenylalanine shown in yellow. The interior of the two monomers are coloured red and green, respectively. C: Positions 2 and 3 are emphasised in red and cyan, respectively, and selected residues are showed in stick format. The structure from T. maritima (PDB ID: 3KDS) was used for depiction because the proximity between position 2 and 3 is only observed in the apo-state. D. Top view (cross-section) of Position 4 showed using the structure from T. thermophilus (PDB ID: 2DHR). The conserved "HEXXH" motif is indicated by dashed white circles.
Psb29/Thf1 in cyanobacteria and possibly chloroplasts (Becková et al. 2017) . The cytosolic region of FtsH might also be involved in the recognition of the N-terminal region of substrates.
The formation of heterocomplexes in the thylakoid membrane of cyanobacteria and photosynthetic eukaryotes and in the mitochondrion are probably the result of convergent evolution. The mitochondrial FtsH paralogs Yta12 and Afg3 (Yta10) adopt a heterohexameric structure, the so-called m-AAA protease complex, where "m" refers to matrix. It has been shown that Synechocystis 6803 forms SynFtsH2/FtsH3 and SynFtsH1/FtsH3 heterocomplexes (Boehm et al. 2012 , Krynická et al. 2014 . However, the cyanobacterial heterocomplexes are evolutionarily distant from the mitochondrial heterocomplex, as the Yta12/Afg3 proteases emerged from Group 3, while SynFtsH1/2/3 emerged from Group 1. This indicates convergent evolution from homocomplex to heterocomplex. In support of this, Lee et al. (2011) showed that the mutation of just two residues in the protease domain was enough to enable Yta12 to form a homocomplex.
A comparison of cyanoFtsH4 and cyanoFtsH1/2/3:
Following the phylogenetic typing of 417 cyanobacterial FtsH into four groups, the structural conservation of each individual group was examined via ConSurf analysis to identify conserved and divergent regions of each group. Sequence logo profiles were generated to allow the comparison of conserved regions. The cyanoFtsH1 and cyanoFtsH2 sequences were grouped together for generating the sequence logo profiles due to their close evolutionary proximity, as described above. We found four sites (Fig. 5A ) that are very well conserved within each paralog group, but significantly divergent between them, implying that differences in function might be governed by the specific structural differences at these sites.
Site 1, at position 263 (T. thermophilus FtsH numbering), is a strictly conserved glutamine in cyanoFtsH1, cyanoFtsH2, and cyanoFtsH3, but a serine in cyanoFtsH4. As illustrated in Fig. 5B , in which a ConSurf analysis was performed on cyanobacterial FtsH sequences modelled into the crystal structure of a soluble fragment of FtsH from T. thermophilus, this residue lies on a highly conserved surface within a short distance [~9 Å in structure 2DHR from T. thermophilus (Suno et al. 2006) ] to the phenylalanine in the adjacent subunit which contributes to the hydrophobic pore through which the target protein enters the FtsH complex (Yamada-Inagawa et al. 2003 , Suno et al. 2006 . A similar proximity of this residue to the pore residues was also observed in the structure of FtsH from T. maritima (Bieniossek et al. 2006) . In the hexameric structure of Synechocystis 6803 FtsH2/3 heterocomplex, this conserved glutamine would be present in all six monomers, and is therefore likely to occupy a similar position close to the pore residues and might contribute to substrate specificity of the complex.
Sites 2 and 3, at positions 400-408 and 445-447, respectively, are close to the flexible glycine [G399 in T. thermophilus (Suno et al. 2006 , Vostrukhina et al. 2015 and G404 in T. maritima (Bieniossek et al. 2009 )] and lid helix (Bieniossek et al. 2009 , Suno et al. 2012 regions R443-E455 in T. thermophilus (Suno et al. 2006 , Vostrukhina et al. 2015 (Fig. 5C ), whose structural flexibility is considered crucial for the intradomain movements needed for full functionality of the complex (Bieniossek et al. 2009 , Suno et al. 2012 , Vostrukhina et al. 2015 . Mutations in the lid helix lead to a decrease of not only the protease activity but also the ATPase activity (Suno et al. 2012) , strongly indicating the lid helix and flexible glycine interact with each other. CyanoFtsH4 possesses a conserved leucine at position 400 and 447, in contrast to the highly flexible proline and glycine found in cyanoFtsH3 at these respective positions.
Site 4, at position 457-459, shows great variation in sequence between FtsH, including amino acid deletions and insertions. This region is in proximity to the protease active site in all six monomers. Changes in length and composition might therefore control accessibility and/or specificity of substrate processing (Fig. 5D ).
Discussion
ATPases associated with various cellular activities (AAA+) are an ancient and diverse group of proteins (Frickey and Lupas 2004, Snider et al. 2008) . At least six distinct protein families containing an AAA+ domain have been traced back to the last universal common ancestor (Iyer et al. 2004) . One of these six families, denoted the "classical AAA clade" by Iyer et al. (2004) , was already involved in protein folding and degradation in the universal ancestor of all life. FtsH proteases are likely to have originated from that ancestral protease during the early divergence of the domains Archaea and Bacteria. Prior to the diversification of Bacteria into the major phyla, the ancestral FtsH protease had already duplicated several times. Overall, our data are largely consistent with a pattern of vertical descent within Bacteria, which is not uncommon for universally conserved proteins with essential functions. Bacteria with single FtsH subunits are usually associated with smaller genomes and limited metabolic versatility, the hallmark of symbiotic associations, such as those of Parcubacteria and Microgenometes (Hug et al. 2016) , for example.
Early ideas suggested that oxygenic photosynthesis might have evolved after the acquisition of Type I and Type II RCs from separate bacterial sources. However, recent detailed analysis of the phylogeny of RC proteins indicates that HGT of RCs to an ancestral nonphotosynthetic cyanobacterium from anoxygenic phototrophic bacteria is unlikely (Cardona 2016b) ; furthermore, the evolution of RC proteins shows that the last common ancestor to all phototrophic bacteria had already evolved Type I and Type II RC proteins from an earlier gene duplication event (Sousa et al. 2013 , Harel et al. 2015 . In addition, it has been argued that the evolution of the structural complexity of PSII and the origin of the oxygenevolving manganese cluster can only be explained if both types of RC had been evolving in cooperation since the dawn of photosynthesis and that water oxidation might therefore have occurred at a far earlier stage of evolution that previously thought (Cardona 2016b (Cardona , 2017 . This translates to the phylogeny of RC subunits in PSII and PSI showing a significant phylogenetic distance to those in anoxygenic phototrophs assuming similar rates of evolution (Cardona 2015 . Given that oxygen-evolving PSII complexes are susceptible to photodamage, the early evolution of PSII would imply an early evolution of mechanisms to protect PSII and to repair damaged PSII. Such a scenario is consistent with our detection of an early divergence of the specific set of FtsH proteases found in present day cyanobacteria and chloroplasts that are involved in PSII repair (Fig. 2) .
A plausible intermediate in the evolution of Type II oxygen-evolving complexes is a Type II RC that was able to oxidise Mn 2+ ions but not water (Cardona et al. 2015) . Such a RC would still require the generation of highly oxidising species within the RC, such as chlorophyll cations and tyrosine free radicals, and so would be susceptible to oxidative damage (Komenda et al. 2000) . Consequently, the early diversification of FtsH proteases might also reflect the need to repair intermediate types of RC operating at higher redox potential.
It is a common misconception that the main driving force behind the diversification of photosynthesis in Bacteria and the origin of oxygenic photosynthesis in cyanobacteria has been the HGT of photosynthetic components. This misconception arises for two reasons: the first one is from the incorrect assumption that the phylogeny of RC proteins is not informative. The second reason is from the incorrect assumption that gene losses are less probable than HGT. Or in the case of photosynthesis, that multiple independent losses of photosynthesis in Bacteria are less likely than the acquisition of photosynthesis via HGT. Our results show that the phylogeny of FtsH proteins matches remarkably well the phylogeny of Type I and Type II reaction centres, which strongly suggests that the origin of photosynthesis predates the diversification of most phyla of bacteria. Our results also highlight that photosynthesis has been passed down vertically in most phyla, with HGT being a secondary mechanism of diversification.
One conspicuous case of HGT detected in our phylogenetic analysis is the transfer event of an FtsH from an early branching eukaryote to an ancestral Bacteroidetes. It is well known that Bacteroidetes's closest living relatives are the Chlorobi (Gupta and Lorenzini 2007) , so this HGT event suggests that the divergence of Bacteroidetes and the Chlorobi occurred after the evolution of eukaryotes. This is consistent with biomarker evidence for the origin of the phylum Chlorobi in the geochemical record 1.6 billion years ago (Brocks et al. 2005) , which is coincidental with red algae fossils (Bengtson et al. 2017 ) and other well-documented fossils of early eukaryotes (Butterfield 2015) . It is also consistent with molecular clock analysis of prokaryotes (David and Alm 2011, Marin et al. 2017) . Phototrophic Chlorobi, the green sulfur bacteria, are considered to be a "primitive" and a very ancient phylum of anoxygenic photosynthetic organisms capable of using Fe 2+ or H 2 S as an electron donor to photosynthesis powered by a homodimeric Type I RC (Tice and Lowe 2004 , Mix et al. 2005 , Crowe et al. 2008 . These are characteristics attributed to the earliest photosynthetic bacteria responsible for the most ancient geochemical and sedimentological traces of photosynthesis 3.5 to 3.8 billion years ago. From this perspective, our results suggest that the last common ancestor of Bacteroidetes and Chlorobi was phototrophic and that the phylum Bacteroidetes and other nonphototrophic Chlorobi evolved after losses of photosynthesis, as a mechanism of adaptation to heterotrophic or symbiotic lifestyles. Furthermore, the phylogeny of FtsH confirms the phylogenetic proximity of Acidobacteria and Proteobacteria, which is also replicated in evolutionary studies of the bacteriochlorophyll synthesis pathway (Sousa et al. 2013 , Cardona 2016a , showing unequivocally that the last common ancestor of Acidobacteria and Proteobacteria was also capable of phototrophy (Cardona 2015) . This implies that deltaproteobacteria and non-phototrophic gamma-, beta-, and alpha-proteobacteria diversified after losses of photochemical RCs.
Our analysis of the phylogeny of the FtsH protease family also offers insights into the potential role of relatively uncharacterised FtsH subunits in plants. For instance, the mitochondria-targeted Yme1 is involved in protein translocation into the intermembrane space (Rainey et al. 2006) . A similar role might exist for its close relative in A. thaliana, AtFtsH11. Wagner et al. (2011) argue that AtFtsH11 is exclusively located in the chloroplast envelope but not mitochondrion, and importantly, that knockout of AtFtsH11 leads to a diminished level of several subunits of the protein transport machinery.
Why there has been such a multiplication of FtsH complexes in oxygenic photosynthetic organisms is intriguing. Possible evolutionary constraints include the need to maintain protein quality control in the multiple membrane compartments found in cyanobacteria, chloroplasts and mitochondria and the fact that oxygenic photosynthesis causes the production of singlet oxygen and other ROS (reactive oxygen species), leading to protein damage, particularly in the thylakoid membrane which houses the photosynthetic apparatus.
Recognition of damaged D1 by cyanobacterial FtsH complexes is thought to be mediated by partial disassembly of damaged PSII (Krynická et al. 2015) and binding to the N-terminal tail of D1 (Komenda et al. 2007) . Why the FtsH4 homocomplex does not seem to play a major role in PSII repair even though it is found in the thylakoid membrane is unclear. One possible reason might be that specific interactions are required for binding of SynFtsH2/3 to damaged PSII, possibly involving the transmembrane regions of FtsH plus sequences interconnecting the two transmembrane regions on the lumenal side of the membrane (Bailey et al. 2001) . In addition, substrate recognition might also be mediated via adaptor proteins (Kirstein et al. 2009 ). Our modelling has also identified a number of sequence differences between FtsH1/2/3 and FtsH4 that might explain differences in their substrate specificity (Fig. 5 ) which can be tested through mutagenesis.
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